Aluminum alloy sections are widely utilized in many applications such as in general structures and automotive components. Owing to the increasing complexity of these components there is an increasing demand for highly curved thin wall sections. Therefore, reliable bending processes are required to manufacture such components without undesirable deformations such as wrinkling and folding occurring during bending. To prevent undesirable deformations and predict when they might occur, it is necessary to generate much data from various forming configurations in which process parameters are varied. In this paper, the authors concentrate on the problem of bending square-section thinwalled tubes and use finite element analysis to generate the data required to predict working limits. Two different tube materials (A6063S-O and A6063S-T5) were used to investigate the relationship between deformation behavior and material properties. Moreover, the effect of using a wiper die on the working limit of the extruded aluminum sections was investigated.
Introduction
Square extruded aluminum tubes have advantages in their features as light weight and high bending rigidity. These materials are suitable for use in general structures with curved profiles and in automotive components. In general, secondary bending is necessary to obtain a desired shape/configuration. However, undesirable deformation problems are often encountered in the draw bending of thin extruded tubes. In recent years, various studies have been carried out to prevent such undesirable deformations. Finite element simulation has previously been demonstrated to successfully predict undesirable deformation behavior in draw bending.
1) The positive effects of an additional axial tension and the presence of a center rib are further clarified by finite element analysis (FEA). Li et al. 2) have proposed an FE method of evaluating of wrinkling limit diagrams in pipe bending. The method described by Li et al. presented a calculated stress field in which material anisotropy, a 3D strain field, different loading paths and boosting force were considered. Thus, this method gave a wrinkling criterion that accurately reflects the true wrinkling mode. Kristoffer 3) described their study that examined in detail a multistage forming operation with tube bending followed by tube hydroforming. This study showed the importance of including the effects acquired from the bending and preforming processes in hydroforming simulation to obtain reliable simulation results. The effect of material constants in the tube bending requires further clarification. Murata et al. 4) used experimental and FE analyses to show that the work-hardening exponent n has no effect on springback, thickness strain distribution or flatness ratio at the same bending radius of the same tube dimensions.
The authors 5) previously reported how a wiper die can be introduced to reduce wrinkling and increase formability.
Thus, it is considered that the use of a wiper die is effective in preventing wrinkling; however, the relationship between the wrinkling behavior of extruded aluminum sections and the decrease in the extent of wrinkling when using a wiper die has not yet been determined.
In this study, the authors' aim is to obtain much data on the wrinkling behavior of square section tubes using FE simulation and to thus determine the most effective utilization of a wiper die and axial tension for controlling wrinkling.
Finite Element Analysis

FEA model and condition
Representative finite element models of extruded aluminum alloy (A6063S-O and A6063S-T5) square tubes were constructed. Table 1 shows the properties of the tube materials. The width W 0 of each workpiece is 40 mm and the height H 0 is 40 mm. The wall thicknesses t 0 used were 1.0 and 1.5 mm. The length of each workpiece was varied depending on bending radius. Square section workpieces were modeled using 7552 solid elements and 14224 nodes. An elastoplastic material was assumed, satisfying an n-th power strain hardening law with the constitutive equation,
where C is the plastic modulus, ¾ n is the offset due to elastic strain, ¾ p is the effective plastic strain and n is the workhardening exponent. Figure 1 shows the FEA model of the draw bending process and the schematic of each workpiece. The experimental apparatus consists of a rotary die, a chuck, a bending roller, a guide roller and brake pads. The draw bending machine can bend the workpieces with bending radii R of 150, 200, 300 and 400 mm. The bending angle used in this investigation was 90°. The friction coefficient between the workpieces and the dies was defined as 0.5. Figure 2 shows the FEA model of the laminated elastic mandrel, Table 2 indicates the material properties of the mandrel. A laminated elastic mandrel consisting of layers of Nylon-66, polyvinyl chloride (PVC) and phosphor bronze plates was used. The Nylon-66 and PVC plates are sandwiched by the phosphor bronze plates. The mandrel was inserted into the workpieces to prevent undesirable deformation during forming. Figure 3 shows a schematic of the wiper die. The wiper die is located behind the bending point to prevent wrinkling by constraining both the flange and the web. The square tube passes inside the wiper die during forming.
Laminated elastic mandrel
Wiper die
Axial tension
Axial tension is applied by sandwiching each workpiece between both brake pads to prevent wrinkling that may occur even though a wiper die was used. Figure 4 shows the method of applying axial tension. The axial tension ratio R at was calculated from the axial tension and tensile strength using.
where, T is the axial tension, · B is the tensile strength and A is the cross section of each workpiece. Table 3 shows the relationship between axial tension and axial tension ratio.
Axial tension was applied on each material at R at = 0, 5 and 10% and a thickness of what. The brake force F for applying the axial tension was loaded in the range of 1.16.8 kN. Figure 5 shows the typical deformation of bent square tubes. Wrinkling was defined as the deformation that consecutively shows a wave shape and folding, characterized by a combination of a linear portion and local increasing of wrinkling. The difference in deformation behavior between A6063S-O and A6063S-T5 is especially shown at the bending radius of 150 mm. Folding occurred in the bent tube (t 0 = 1.0 mm) of A6063S-T5. Wrinkling and folding were observed to intensify with decreasing n. Figure 6 shows the classification of the deformations generated using the laminated elastic mandrel for various bend degrees R 0 /H 0 , where R 0 = R + H 0 /2 = 10.5 (R = 400 mm), 8.0 (R = 300 mm), 5.5 (R = 200 mm) and 4.25 (R = 150 mm), with thickness ratios t 0 /H 0 = 0.038 (t 0 = 1.5 mm) and 0.025 (t 0 = 1.0 mm). Undesirable deformation was enhanced in the case of bending A6063S-T5. Wrinkling at the compression flange and web occurs or folding was observed when wrinkling reduces the bending rigidity of the tube. Thus, a wiper die was used in draw bending to prevent undesirable deformation. Figure 7 shows the classification of the deformations generated when the laminated elastic mandrel and wiper die were used. The working limit was markedly improved with the wiper die without axial tension, however, wrinkling was observed on the compression flange or web in areas A and B. It is confirmed that undesirable deformation occurred with the use of only restriction dies under these conditions and without axial tension. Axial tension was thus applied in an attempt to eliminate this. As the results show, the square tubes were bent without any defects when applying axial tension in addition to the use of restriction dies. Figure 8 shows the effect of the wiper die on the wrinkling behavior of the bent square tube (R = 150 mm, t 0 = 1.0 mm, A6063S-O, with a mandrel). In the case of using a mandrel, wrinkling occurred at 8°intervals of bending angle. Wrinkles at bending angles between 0 and 15°did not grow along the radial direction in comparison with wrinkling near the bending angle of 50°. In this range, a low growth of wrinkles was observed, and each workpiece was in contact with the rotary die in the initial position during the draw bending. Hence, the growth of wrinkles along the radial direction was prevented by the filling up of the space between the rotary die and workpiece. The depth of wrinkling (W d ) at bending angles between 40 and 70°increased at a 5 mm (W d /H 0 = 0.13) difference between the convex and concave deformations. As results, wrinkling occurred at 8°intervals despite the difference in wrinkling depth.
Results and discussion 2.2.1 Deformation behavior
Working limit of square tubes
Relationship between wrinkling behavior and wiper die
On the other hand, wrinkling near the bending start point (point I) and end point (point II) occurred when a wiper die was used. The wrinkling near point I increased in comparison with the bending in the case with the mandrel only. It was considered that the increase in wrinkling depth was an effect of the wiper die on the decentration of wrinkling. Furthermore, wrinkling near point II occurred as the compressive stress and strain exceeded the limit of preventing wrinkling by the wiper die. These compressive stress and strain were measured under conditions A and B with high compressive deformation in comparison with other conditions. Figure 9 shows the effect of axial tension on wrinkling and compressive stress (R = 150 mm, t 0 = 1.0 mm, A6063S-O). Compressive stress was markedly decreased by applying axial tension as shown in Fig. 9(a) . Then, compressive stress was measured in the element when wrinkling occurred to clarify the effect of axial tension on wrinkling. At R at = 5%, wrinkling occurred regardless of applying axial tension. On the other hand, wrinkling was prevented at R at = 10% since compressive stress decreased by 15% in comparison with that at R at = 5%. Therefore, the range of the occurrence of wrinkling was confirmed. Table 4 shows the minimum axial tension for preventing wrinkling under the conditions in Table 3 Relationship between axial tension and axial tension ratio. Increasing the Working Limit of Extruded Aluminum Tubes During Draw Bending by Introducing a Wiper Diewhich wrinkling occurred despite the introduction of a wiper die. At R = 150 mm for each material, wrinkling was completely prevented by applying axial tension (R at = 10%). R at was 5% to prevent wrinkling at R = 200 mm. These axial tensions were the upper limit for preventing wrinkling at each bending radius. From the results, it was confirmed that wrinkling was prevented in the axial tension ratio range between 10 and 5% at R = 150 mm. The range R at is between 5 and 0% at R = 200 mm. In addition, it was expected that there are suitable axial tensions at each bending radius.
Effect of axial tension on the wrinkling
Conclusions
(1) The difference in deformation behavior between A6063S-O and A6063S-T5 tubes is shown especially at a 150 mm bending radius, it appears to be an effect of n.
(2) The working limit was improved remarkably utilizing a wiper die in the case without axial tension. Introducing wiper die is effective for reducing undesirable deformation at every thickness. (3) Regarding wrinkling behavior in the case with a mandrel (A6063S-O, R = 150 mm, t 0 = 1.0 mm), the wavelength of wrinkling was constant at 8°despite the difference in wrinkling depth. The wrinkling in the vicinity of the bending start point and end point occurred when using a wiper die. (4) It was confirmed that wrinkling is prevented in the axial tension ratio range between 10 and 5% at R = 150 mm. The R at range for preventing the wrinkling is between 5 and 0% at R = 200 mm. Thus, it is expected that there will be a suitable axial tension at each bending radius. 
